Long lasting mechanical vibrations applied to the skin induce a reversible decrease in the perception of vibration at the stimulated skin site. This phenomenon of vibrotactile adaptation has been studied extensively. Yet, there is still no clear consensus on the mechanisms leading to vibrotactile adaptation. In particular, the respective contribution of (i) changes affecting mechanical skin impedance, (ii) peripheral processes, and (iii) central processes is largely unknown. Here, we used direct electrical stimulation of nerve fibers to bypass mechanical transduction processes and, thereby, explore the possible contribution of central vs. peripheral processes to vibrotactile adaptation.
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INTRODUCTION
In 1930, Kampik showed that one hour of constant mechanical vibration applied to the skin induces hypoesthesia, specifically, a reversible decrease in the perception of vibration at the stimulated site (Kampik 1930) . This phenomenon has been defined as vibrotactile adaptation and is generally characterized by an increase of vibrotactile detection threshold or a reduction of vibrotactile sensibility (Francisco et al. 2011; Gescheider and Wright 1969; Hahn 1966 ).
The phenomenon of vibrotactile adaptation has been used extensively to study the mechanoreceptor systems responsible for the detection and transmission of vibrations applied on the skin, and the obtained results have provided support for the two-channel theory (Hahn 1968; Hollins et al. 1990 ), according to which the transduction of low frequency vibrations (10-60 Hz) is preferentially achieved by rapidly adapting type I (RA) and slowly adapting type I (SAI) mechanoreceptors, whereas the transduction of high frequency vibrations (200-300 Hz) is preferentially achieved by rapidly adapting type II Pacinian mechanoreceptors (RAII/PC). Indeed, studies have shown that vibrotactile adaptation induced using low or high frequency vibrations may preferentially affect the detection threshold of low and high frequency test stimuli, respectively; thus suggesting the existence of two distinct sensory channels, with distinct frequency bandwidths.
Several non-mutually exclusive hypotheses have been put forward to explain the mechanisms of vibrotactile adaptation. Hahn suggested that changes affecting mechanical skin impedance (e.g. change in skin elasticity) could contribute to vibrotactile adaptation by impacting the transmission of vibrations through the skin and, thereby, reduce the mechanical stimulation of mechanoreceptors (Hahn 1966) .
Several authors have proposed that vibrotactile adaptation probably involves transient changes in ionic conductance at the level of the mechanoreceptors, leading to axonal hyperpolarization and, thereby, a reduced ability of the mechanoreceptors to generate action potentials following mechanical vibrations (Ribot-Ciscar et al. 1996) . Gescheider and Wright advanced a two-factor hypothesis where both changes in mechanical skin impedance and changes in the peripheral nervous system would account for vibrotactile adaptation (Gescheider and Wright 1969) . Finally, neurophysiological investigations in animals have suggested that both changes at peripheral level (e.g. increased spiking threshold of mechanoreceptors), and/or changes at central level (e.g. reduced synaptic transmission) contribute to the phenomenon of vibrotactile adaptation ; Burke and Applegate 1989; Leung et al. 2005; O'Mara et al. 1988; Whitsel et al. 2003 ).
In the present study, we used direct electrical stimulation of afferent nerve fibers to bypass mechanical transduction processes and, thereby, explore the possible contribution of peripheral and central processes to vibrotactile adaptation. In a first series of two experiments, we compared directly the effects of mechanical vibrotactile adaptation vs. repeated and sustained transcutaneous electrical nerve stimulation on mechanical vibrotactile detection thresholds. We hypothesized that changes in threshold due to mechanically-induced variations in skin impedance or mechanoreceptor transduction processes would be induced only by mechanical adaptation, whereas changes in vibration threshold due to processes occurring at the level of the central nervous system would be induced by both mechanical and electrical adaptation.
Furthermore, we hypothesized that if the detection of low and high-frequency vibrations involves distinct sensory receptors or pathways, adaptation induced by low or high-frequency vibrations could exert a differential effect on low and high frequency detection thresholds.
Finally, central changes induced by sustained vibrotactile adaptation could be dependent on subtle characteristics of the afferent input generated by mechanical vibrations which would not be reproduced by repeated electrical stimulation. For this reason, we conducted a third experiment in which we assessed the effect of low-and high-frequency mechanical adaptation of the fingertip on the detection of transcutaneous electrical nerve stimuli delivered to the same fingertip. In this experiment, we hypothesized that if mechanical adaptation induces changes at central level, these changes should affect not only the detection threshold of mechanical stimuli, but also the detection threshold of electrical stimuli bypassing mechanoreceptor transduction.
MATERIALS AND METHODS 1
All experiments were approved by the local Ethical Committee (Comité d'Ethique 2 hospital-facultaire des Cliniques universitaires Saint Luc, Brussels) and subjects gave their 3 written informed consent. 4 Experiment 1. Effect of low-frequency mechanical and electrical adaptation on the 5 detection of low-and high-frequency vibrations 6
Thirteen subjects took part in Experiment 1 (7 male, 29 ±3 years, all right handed). Each 7 subject participated in two successive sessions: a low frequency (51 Hz) mechanical 8 adaptation session, and a low frequency (51 Hz) electrical adaptation session. The order 9 of the two sessions was counterbalanced across participants. Furthermore, in half of the 10 participants, mechanical adaptation was applied to the left hand and electrical 11 adaptation was applied to the right hand. In the other half, mechanical adaptation was 12 applied to the right hand and electrical adaptation was applied to the left hand. Each 13 session was divided in three successive parts: (i) estimation of baseline vibrotactile 14 detection threshold to short-lasting low-frequency (51 Hz) and high-frequency (251 Hz) 15 sinusoidal mechanical vibrations applied to the index fingertip, (ii) eight minutes of low 16 frequency (51 Hz) mechanical or electrical adaptation and (iii) estimation of adapted 17 vibrotactile detection thresholds to the same short-lasting low-and high-frequency 18 mechanical vibrations ( Figure 1A ). Before the start of the experiment, subjects were 19 seated, blindfolded and their arm was comfortably installed on a support. During the 20 entire experiment, participants listened to white noise delivered through earphones at a 21 comfortable level. This ensured that auditory input did not contribute to the detection of 22 the vibrotactile stimuli. 23
Baseline and adapted detection thresholds to low-and high-frequency mechanical 24 vibrations were estimated using an interlaced adaptive staircase procedure ( Figure 1B varied randomly between 2 and 3 s. This, combined with the fact that the stimulus was 31 not cued by a warning signal, and the fact that a large number of stimuli were not 32 detected, ensured that the participants could not predict when to expect the occurrence 33 of the test stimulus. Participants were instructed to press a button with the other hand 34 as soon as they perceived a vibration. If a detection was reported during the inter-35 stimulus interval, the stimulus was considered as detected, and the amplitude of the 36 following stimulus of the same category was decreased by 4 dB. If not, the stimulus was 37 considered as undetected, and the amplitude was increased by 4 dB. Following the first 38 three staircase reversals of each category, the amplitude of the staircase step was 39 divided by two, thereby reaching a final step size of 0.5 dB. A total of 33 trials were 40 obtained for each of the two interleaved staircases. The threshold was defined as the 41 mean of the vibration amplitude of the two last turnover points. The entire threshold 42 estimation procedure lasted approximately 2 minutes. 43
Low frequency mechanical vibrotactile adaptation was achieved by applying a pure 51 44
Hz sinusoidal vibration to the index fingertip during 8 minutes, delivered using the 45 mechanical stimulator also used to the deliver the test vibrotactile stimuli. The fingertip 46 thus remained against the probe of the mechanical stimulator during the entireexperiment. The amplitude of the vibration was set to 40 times the amplitude of thebaseline low-frequency vibrotactile detection threshold. The chosen duration and 49 vibration amplitude were based on previous studies showing that vibrotactile 50 adaptation is successfully induced using such parameters (Hahn 1968; Hollins et al. 51 1990) . 52
Low frequency electrical adaptation consisted in transcutaneous electrical stimulation 53 (TES) of the median nerve at the level of the wrist for 8 minutes, using a constant- Baseline and adapted electrical detection thresholds were estimated using a staircase 89 procedure, as illustrated in Figure 2B . Constant-current electrical stimuli were delivered 90 as a single 500 µs square-wave pulse using two adhesive electrodes pasted on the index 91 fingertip (6x11 mm Ambu Blue Sensor NF ECG Electrodes, NF-50-K/12/EU; 5 mm inter-92 electrode distance). The intensity of the first stimulus was set to 2.00 mA. This stimulus 93 was detected by all participants. The inter-stimulus interval varied randomly between 1and 3 s. Participants were instructed to report when they perceived the stimulus. Such 95 as in Experiments 1 and 2, detecting or not detecting the stimulus determined the 96 intensity of the following stimulus. The initial step size was set to 0.20 mA. After the first 97 staircase reversals, the step was reduced to 0.10 mA, 0.05 mA, and 0.02 mA. The 98 staircase was interrupted after the occurrence of three staircase reversals at this final 99 step size. The threshold was defined as the mean intensity of the two last turnover 100 points. The entire threshold estimation procedure lasted approximately 2 minutes. 
Control experiments 106
In Experiments 1 and 2, mechanical adaptation was delivered while participants 107 maintained their index fingertip against the mechanical stimulator used to assess 108 mechanical vibrotactile detection thresholds, whereas electrical adaptation was 109 delivered with the hand resting on a table, palm facing upwards, in order to reliably 110 position the feltpad stimulation electrodes. To examine whether differences between the 111 effects of mechanical adaptation and the effects of electrical adaptation could have been 112 due to moving the hand after electrical adaptation but not after mechanical adaptation, 113
we performed a first control experiment in which electrical adaptation was delivered 114 without moving the hand, i.e. with the index maintained against the probe of the 115 mechanical stimulator. To make this possible, electrical stimulation was delivered using 116 30x22 mm self-adhesive electrodes (30x22 mm Ambu Blue Sensor NF ECG Electrodes, 117 NF-50-K/12/EU; inter-electrode distance: 15 mm) pasted over the median nerve, at thelevel of the wrist. The electrodes were positioned before the beginning of the 119 experiment. The effects of low-frequency and high-frequency electrical adaptation on 120 low-and high-frequency mechanical detection thresholds were assessed in 10 (7 male, 121 25±4 years, 9 right handed) and 8 participants of 18 participants (11 male, 24±3 years, 7 122 right handed), respectively. 123 A second control experiment was conducted to assess whether the intensity of the 124 percept generated by the mechanical adapting stimulus differed from the intensity of the 125 percept generated by the electrical adapting stimulus. Seven participants took part in 126 this experiment (3 male, 30±6 years, 6 right handed). After estimating the electrical 127 detection thresholds using the same adaptive procedure as in Experiments 1 and 2, ten 128 trains of low-frequency and high-frequency electrical stimulation lasting 10 seconds 129 were applied to the median nerve in separate sessions separated by at least 4 hours. The 130 intensity was set 1.5 times the detection threshold, i.e. the intensity used to deliver the 131 electrical adaptation stimulus in Experiments 1 and 2. In two other sessions, 10 low-132 frequency and high-frequency mechanical vibrations lasting 10 seconds were applied to 133 the index fingertip, at an intensity corresponding to 40 times the low-frequency and 134 high-frequency vibrotactile detection threshold, i.e. the intensity used to deliver the 135 mechanical adaptation stimulus in Experiments 1 and 2. In each session, participants 136 were requested to rate the intensity of each stimulus using a 0-10 numerical rating scale. 137
Statistical analyses 138
In Experiments 1 and 2, the effects of mechanical and electrical adaptation on 139 mechanical vibration detection thresholds were assessed using a repeated-measures 140 ANOVA with the factors 'time' (before vs. after adaptation), 'adaptation modality' 141 (mechanical vs. electrical adaptation) and 'detection frequency' (detection of low vs.high frequency vibrations). To assess the specific effects of mechanical and electrical 143 adaptation, a repeated-measures ANOVA with the factors 'time' and 'detection 144 frequency' was then used for each modality of adaptation. 145
In Experiment 3, the effects of low-and high-frequency mechanical adaptation on the 146 detection of electrical stimuli were assessed using a repeated-measures ANOVA with the 147 factors 'time' (before vs. after adaptation) and 'adaptation frequency' (low-vs. high-148 frequency mechanical adaptation). 149
All statistical analyses were conducted using IBM® SPSS® (version 21). Significance 150 levels was set at p<0.05. 151
RESULTS 152
Intensity of the sensation elicited by mechanical and electrical adaptation 153
The average intensity of the sensation elicited by the low-frequency mechanical 154 adaptation stimulus was not significantly different from the intensity of the sensation 155 elicited by the low-frequency electrical adaptation stimulus (z=-1.18, p=0.24; Wilcoxon 156 signed-rank test). The sensation elicited by high-frequency mechanical adaptation was 157 perceived as significantly less intense as the sensation elicited by high-frequency 158 electrical adaptation (z=-2.20, p=0.028). 159
Effect of low-frequency mechanical and electrical adaptation on the detection of 160
low-and high-frequency vibrations 161
After mechanical adaptation at 51 Hz, the mechanical detection threshold increased 162 similarly for 51 Hz vibrations and 251 Hz vibrations, indicating that adaptation had a 163 similar effect on the ability to perceive low and high frequency vibrations (Figure 3) . In 164 contrast, both mechanical detection thresholds appeared to be unaffected by electrical 165 adaptation (Figure 3 ). This was confirmed by the three-way repeated-measures ANOVA 166 (Table 1) , which showed a significant interaction between the factors 'time' (before vs. 167 after adaptation) and 'adaptation modality' (mechanical vs. electrical adaptation) 168 (F=22.10, p=.001). 169
For mechanical adaptation, the follow-up two-way ANOVA showed a main effect of 'time' 170 (before vs. after adaptation: F=52.26, p<.001), and no interaction between the factors 171 'time' and 'detection frequency' (F=0.18, p=.205) ( Table 2) . 172
In contrast, for electrical adaptation delivered using feltpad electrodes (Experiment 1) 173 as well as self-adhesive electrodes (Control experiment), the two-way ANOVA showed Taken together, the results of Experiment 1 show that low-frequency mechanical 178 adaptation induces a similar increase in the detection threshold for low-and high-179 frequency mechanical vibrations, whereas low-frequency electrical adaptation has no 180 significant effect on the detection of both low-and high-frequency mechanical 181 vibrations. Furthermore, the results of the Control experiment show that the lack of 182 effect of low-frequency electrical adaptation observed in Experiment 1 was not due to an 183 unaccounted effect of moving the hand to deliver the electrical stimulus. 184
Effect of high-frequency mechanical and electrical adaptation on the detection of 185

low-and high-frequency vibrations 186
After mechanical adaptation at 251 Hz, the mechanical detection threshold was 187 increased for both 51 Hz vibrations and 251 Hz vibrations. However, the increase in 188 threshold was greater for 251 Hz vibrations, indicating that high-frequency mechanical 189 adaptation has a stronger effect on the ability to perceive high frequency vibrations as 190 compared to low frequency vibrations (Figure 3 ). In contrast, and similarly to 191 Experiment 1, both low-and high-frequency mechanical detection thresholds appeared 192 to be unaffected by electrical adaptation (Figure 3 ). This was confirmed by the three-193 way repeated-measures ANOVA (Table 1) , which showed a significant interaction 194 between the factors 'time' (before vs. after adaptation) and 'adaptation modality' 195 (mechanical vs. electrical adaptation) (F=35.89, p<.001), but also a significant 196 interaction between the factors 'adaptation modality' and 'detection frequency ' (F=9.72, 197 p=.010), and between the factors 'time' and 'detection frequency' (F=13.83, p=.003). 
F=.143, p=716). 211
Taken together, the results of Experiment 2 show that high-frequency mechanical 212 adaptation induces a significant increase in the detection threshold for both low-and 213 high-frequency vibrations, but that this increase in threshold is greater for high-214 frequency vibrations. In contrast, high-frequency electrical adaptation has no significant 215 effect on the detection of both low-and high-frequency mechanical vibrations. 216
Furthermore, the results of the Control experiment show that the lack of effect of high-217 frequency electrical adaptation observed in Experiment 2 was not due to an 218 unaccounted effect of moving the hand to deliver the electrical stimulus. 219
Effects of low-and high-frequency mechanical adaptation on the detection of 220 electrical stimuli. 221
As shown in Figure 4 , mechanical adaptation at 51 Hz and 251 Hz had no effect on the 222 detection threshold to transcutaneous electrical stimuli delivered to the index fingertip. 223
The two-way repeated-measures ANOVA showed no main effect of 'time ' (F=2.30, 224 p=.164), no main effect of 'adaptation frequency ' (F=0.06, p=.831) within the context of PC and non-PC mechanoreceptors. Specifically, they interpreted 264 that 50 Hz adaptation affected similarly both classes of receptors, whereas 10 Hz 265 adaptation had a stronger effect on non-PC receptors as compared to PC receptors 266 (Hollins et al. 1990) . 267
Our results, showing a similar effect of low and high frequency adaptation contrasts with 268 findings obtained using single unit recordings from the ulnar and median nerves of 269
Macaque monkeys , highlighting that the amount of adaptation 270 increases as the adapting frequency is increased, independently of the type of 271 mechanoreceptor (SAI, RA, PC).
Finally, Leung et al. assessed the time course of adaptation and recovery from 273 adaptation in SAI, RA and PC mechanoreceptors . They found that the 274 time required to induce adaptation and the time required to recover from adaptation 275 was reduced as compared to the results of studies using psychophysical methods to 276 assess changes in detection threshold (Gescheider and Wright 1969; Hollins et al. 1990; 277 Hollins et al. 1991) . This led the authors to conclude that changes at the level of the 278 central nervous system could contribute to the change in detection threshold. However, 279 as they could also be explained by the use of different methods to induce adaptation (e.g. 280 differences in the diameter of the vibrating probe, differences in vibration amplitude), 281
these differences in recovery times should be interpreted with caution. 282
Lack of adaptation induced by direct electrical stimulation of sensory afferents 283
Contrasting with the marked effect of both low-frequency and high-frequency 284 mechanical adaptation, sustained electrical stimulation of the median nerve during 8 285 minutes did not induce any measurable change in the ability to detect vibrotactile 286 stimuli delivered to the fingertip. These findings are in line with the results of Burke and 287 Applegate (1989) , showing that 10 minutes of electrical stimulation of a digital nerve at 288 200 Hz does not alter the responses to natural stimuli applied to the pulp of the 289 stimulated phalanx. 290
Importantly, the intensity of the sensation elicited by low-frequency sustained electrical 291 stimulation of the median nerve was similar to the intensity of the sensation elicited by 292 low frequency mechanical adaptation, and the intensity of the sensation elicited by high-293 frequency electrical adaptation was, on average, greater than the intensity of the 294 sensation elicited by high-frequency mechanical adaptation. This indicates that the 295 sustained afferent input generated by mechanical adaptation was not more intense than 296 the sustained afferent input generated by electrical adaptation. 297
Past studies have compared the compound sensory nerve action potential (CSNAP) and 298 somatosensory-evoked potentials (SEP) elicited by electrical and mechanical fingertip 299 stimulation (Hashimoto et al. 1990; Krarup and Trojaborg 1994) . Even though these 300 studies suggest that the CSNAP recorded at the level of the wrist in response to electrical 301 stimulation of the fingertip is triphasic while the CSNAP elicited by mechanical 302 stimulation is polyphasic, the morphology and scalp topography of the SEPs elicited by 303 electrical and mechanical stimulation were similar (Hashimoto et al. 1990; Krarup and 304 Trojaborg 1994) . It can therefore be hypothesized that the sustained afferent input 305 generated by an electrical and a mechanical stimulation generate grossly similar 306 responses at the level of the central nervous system. 307
For these reasons, the differential effect of mechanical vs. electrical adaptation observed 308 in our study suggests that vibrotactile adaptation predominantly results from changes 309 occurring at peripheral level, such as changes in the biomechanical properties of the skin 310 or changes in mechanoreceptor transduction processes (Gescheider and Wright 1969; 311 Hahn 1966; Ribot-Ciscar et al. 1996) . 312
Lack of effect of mechanical adaptation on the ability to detect electrical stimuli 313 delivered to the adapted fingertip 314 Sustained electrical stimulation of the median nerve and sustained vibrotactile 315 stimulation of the index fingertip could exert different effects at the level of the central 316 nervous system. Indeed, adaptation mechanisms occurring at the level of the central 317 nervous system could be dependent on a number of aspects differentiating the inputgenerated by the mechanical stimulation of mechanoreceptors from the input generated 319 by the direct and unspecific electrical activation of afferent nerve fibers. For example, 320 unlike the input generated by vibrotactile stimulation of the fingertip, the input 321 generated by the electrical stimulus was not restricted to a specific category of sensory 322 afferents (RA and PC afferents), nor was it restricted to a specific location on the index 323 fingertip. 324
Therefore, a possible explanation to the finding that sustained electrical stimulation 325 does not induce vibrotactile adaptation (Experiments 1 and 2) could be that, unlike 326 sustained vibrotactile stimulation, sustained electrical stimulation does not induce 327 adaptation at the level of the central nervous system. 328
To address this alternative interpretation, we conducted a third experiment in which we 329
show that mechanical adaptation affecting the ability to detect vibrotactile stimuli does 330 not affect the ability to detect electrical stimuli applied directly to the index fingertip. 331
This finding provides further support to the notion that changes at the level of the 332 central nervous system do not contribute to the phenomenon of vibrotactile adaptation. 333
At peripheral level, mechanical vibrotactile stimuli can be expected to activate 334 preferentially specific classes of mechanoreceptors (i.e. RA and/or PC). In contrast, 335 electrical stimuli probably activate all large-diameter afferents indistinguishably since it 336 has been shown in microneurography that the different classes of mechanoreceptors 337 have similar conduction velocities (Mackel, 1988; Kakuda, 1992) . Consequently, there is 338 no reason to assume that small differences in diameter within any sub-class of 339 mechanoreceptor afferents would separate them with regard to transcutaneous 340 electrical thresholds. However, although at peripheral level, the afferents activated by 341 mechanical and electrical stimulation may be expected to differ, at cortical level, it islikely that mechanical vibrotactile stimuli and electrical stimuli activate largely 343 overlapping neuronal populations (Saal and Bensmaia 2014) . Consequently, if 344 mechanical adaptation would exert an effect on the responsiveness of cortical neurons 345 processing mechanical vibrotactile stimuli, this change in cortical responsiveness would 346 be expected to affect both the ability to detect mechanical vibrotactile stimuli delivered 347 to the adapted fingertip and the ability to detect sensations generated by the direct 348 electrical activation of mechanoreceptor afferents innervating the adapted fingertip. B. In Experiments 1 and 2, differences in the effects of mechanical and electrical adaptation could have been due to the fact that participants maintained their fingertip on the mechanical stimulator during mechanical adaptation, whereas they were requested to change the position of the hand during electrical adaptation. To address this question, a control experiment was conducted in which electrical adaptation was delivered while participants maintained their fingertip on the mechanical stimulator. C.
In all experiments, an interlaced staircase procedure was used to estimate the detection threshold to low and high frequency mechanical vibrations delivered to the index fingertip. 
